Abstract-In millimeter-wave (mm-wave) optical double sideband (DSB) signal transmission systems, the received radio frequency (RF) power fades periodically because of the group velocity dispersion (GVD) and the self-phase modulation (SPM) of optical fibers. In this paper, cancellation of the signal fading by using midway optical phase conjugation in mm-wave subcarrier multiplexed (SCM) optical DSB signal is analyzed. Fading-free 60 GHz mm-wave optical DSB signal transmission over 100 km-long nondispersion shifted single-mode fiber at 1550 nm by using a semiconductor optical amplifier (SOA) optical phase conjugator (OPC) in the midway of optical link is experimentally demonstrated for the first time. Finally, the degradation factor of the OPC system is also discussed.
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I. INTRODUCTION
W
IRELESS links operating at millimeter (mm)-wave radio frequency (RF) are considered for the efficient delivery of broad-band services. Optical fibers are considered to be ideal transmission media between the central station and the base stations for the low-loss propagation medium at mm-wave frequencies. One of the simplest techniques for the optical mm-wave generation and distribution over the optical fibers are the external modulation of a continuous wave (CW) laser light and the direct detection. However, the external modulation basically generates the optical DSB signal. The received RF power fades periodically along the fiber because of GVD which produces the different phase shifts between the lower sideband (LSB) and the upper sideband (USB) [1] . To overcome the signal fading, the dispersion compensation technique using the chirped fiber grating has been proposed [2] . The optical single sideband (SSB) can overcome this fading problem. The SSB transmission has proposed by using a two-electrode Mach-Zehnder modulator [3] or by eliminating one of the sideband of optical DSB with an optical filter [4] , [5] . On the other hand, the midway OPC systems for the long distance IM/DD system have been extensively studied [6] , [7] . The merit of these systems is that by phase conjugating at the midway, the pulse distortion caused by both GVD and SPM can be compensated and, consequently, the original shape of pulse can restore. Reference [8] have proposed another application of the midway OPC system to the fiber-radio system. However, there remains the experimental verification.
In this paper, we propose and demonstrate the application of the midway phase conjugation technique, particularly focusing on the millimeter (mm)-wave fiber-radio transmission system. Cancellation of the signal fading for 60 GHz subcarrier multiplexed DSB signal transmission over 100 km nondispersion shifted fiber is experimentally demonstrated for the first time by using in-line SOA-OPC inserting in the midway of the optical fiber link. Given a powerful dispersion compensation technique as well as its simple configuration, the optical DSB signal transmission will become one of the most practical and cost-effective options for microcellular mm-wave fiber-radio wireless access systems [9] . This paper is organized as follows. In Section II, the received mm-wave RF power fading cancellation of the midway OPC system is analyzed by using the linearlized nonlinear Shrödinger equation (NLSE) governing the evolution of the small modulation components of the carrier. In Section III, the effectiveness of the proposed system is experimentally demonstrated. The systematic tolerance is also discussed. Finally, we summarize the paper in Section IX.
II. PRINCIPLE
A. Dispersion Induced Fading
In a fiber with GVD, the group delay occurs between the LSB wave and the USB wave of the optical DSB signal. The square-law photodetection of the optical DSB signal causes the interference of two mm-wave subcarrier frequency components, which are generated by the beat between the optical carrier and the LSB and the other beat between the USB and the optical carrier. The destructive interference of the beat signals causes the fading of mm-wave signal detection periodically along the fiber axis.
0733-8724/99$10.00 © 1999 IEEE We firstly investigate the evolution of the small modulation components of the carrier light analytically by using the linearlized NLSE [6] . A numerical simulation approach has been done by Ramos [8] . Compared to this approach, we derive the exact solution analytically. The evolution of slowly varying wave amplitude along an optical fiber without loss is governed by the following NLS equation [10] : (1) where denotes the second-order dispersion coefficient, the third-order dispersion coefficient, the time measured in a frame of reference moving with the wave at the group velocity, and the nonlinearity coefficient defined by (2) where denotes the nonlinear refractive index (the optical Kerr coefficient), the carrier frequency, and the effective core area of a fiber.
The steady state solution of (1) can be written as (3) where denotes the carrier power along the fiber. Equation (3) shows that, while propagating through the fiber, the carrier lightwave acquires a power-dependent phase shift caused by the Kerr effect. To derive an equation which describe the evolution of a small modulation of the carrier, we slightly perturb the steady state solution to obtain (4) and examine the evolution of a complex perturbation term , which represents the mm-wave subcarrier sidebands of the optical DSB signal. Here, the modulation depth for the sidebands is assume to be small. By substituting (4) in (1) and linearizing in , we obtain (5) where denotes the complex conjugate operator.
Let the small modulation be expressed as (6) where and denote the in-phase modulation components at the modulation frequency of , which are responsible for the amplitude modulation (AM), and and denote the quadrature modulation components at the modulation frequency of , which are responsible for the phase modulation (PM). By substituting (6) in (5), we finally obtain the following vector differential equation: (10) and (11) where represents the matrix transpose operator. Equation (7), referred to as the linearlized NLSE [6] , describes the evolutions of the small in-phase and quadrature modulations of the carrier lightwave propagating in an optical fiber. The matrix , and account for the secondorder dispersion, the third-order dispersion, and the Kerr effect, respectively. Fig. 1 shows the vector relationship between the carrier and the modulation components. The second-order dispersion causes the power exchange between the in-phase and the quadrature components in the direction determined by the sign of . On the other hand, SPM only induces the quadrature component. The third order dispersion causes no coupling between the in-phase and the quadrature components.
The solution can be expressed as If we consider only GVD and neglect both the SPM and the third-order dispersion by setting and , the output modulation term is derived from (12) as (18), shown at the bottom of the page. This result indicates that the received RF power varies periodically as functions of the total GVD and modulation frequency. As a result, the received RF power fading caused by GVD can occur with the period (19)
B. Cancellation of the Signal Fading by Midway Phase Conjugation
The received RF power fading caused by GVD and SPM can be cancelled by the midway phase conjugation. We consider the following system divided in three parts as shown in Fig. 2 . In the first part, the input lightwave propagates over the distance . In the second part, the light is phase conjugated to by the phase conjugator. In the third part, the phase conjugated lightwave propagates over the distance . The output is denoted as . Mathematically (20) where (21) The matrix generates the phase conjugation of the input. The output of this system is (22) where (23) The matrix represents the transfer matrix of the whole system.
If we neglect the third order dispersion and the nonlinear effect, becomes
Under the condition . This is due to the fact that the LSB of the input which propagates slower than the USB in the first transmission line is converted to the USB by the OPC and propagates faster than another sideband in the second transmission line, and vice versa. Consequently, the both sidebands experience the same phase shifts, therefore, the cancellation of the signal fading can be obtained by using the midway OPC.
In addition, this system can compensate the frequency chirping accumulation caused by the Kerr effect. From (24), under the condition (27) and (28) the same result as (26) can be obtained.
C. Limitations: Residual Effects
When both GVD and SPM are compensated under the condition as shown in (27) and (28), the transfer matrix is derived from (23) to (27) This means that the OPC system cannot compensate the thirdorder dispersion effect. The role of the third-order dispersion in this case is the periodic power exchange between and . Consequently, the received RF power keeps constant. However, the electrical field suffers periodical change. This result indicates that the midway OPC system cannot compensate the third-order dispersion effect.
Another limitation factor is the fiber loss. To compensate for SPM, the power change along the fiber must be reversed with respect to the position of the OPC, as shown in Fig. 3(a) . This is called the symmetric power change. This would be only the lossless case as we assumed in (1). However, in a practical transmission system, the power change is not symmetric because of fiber loss as shown in Fig. 3(b) . The asymmetry of the power change causes imperfect SPM compensation.
III. EXPERIMENT
A. Experimental Setup
The experimental setup for the bit error rate (BER) measurement is shown in Fig. 4 . In the first section of fiber, the optical DSB signal is propagated in nondispersion-shifted fiber whose length is . The OPC is inserted midway to generate the phase conjugate signal. In the second section of fiber, the phase conjugate signal is propagated in the nondispersion-shifted fiber whose length is . In this system, it is assumed that the condition is satisfied, where the amounts of total dispersion in both sections are the same.
For mm-wave generation a CW DFB laser diode at the center wavelength of 1550.5 nm is used as the light source. A specially designed 60 GHz-band InGaAsP electroabsorption (EA) modulator is used as the EO convertor [12] . The input power and the insertion loss of the EA modulator are 6 dBm and 13 dBm, respectively. NRZ PRBS 156 Mb/s signal in a DPSK format at the intermediate frequency (IF) of 3.0 GHz is combined and upconverted by mixing with the local oscillator (LO) of 57.0 GHz. The mm-wave data signal is applied to the EA modulator, and the optical DSB signal is produced. The RF power of 5 dBm is applied to the EA modulator. The SOA-OPC consists of a wavelength tunable external-cavity semiconductor laser as a CW pump source and a travelling wave type tensile-strained InGaAsP/InGaAsP MQW SOA. The length of the SOA is 500 m and the ASE peak wavelength is 1478 nm at 190 mA bias current. The pump source and input signals are coupled together in a 1:1 coupler after each individually going through a polarization controller. The ration of the pump power and the signal power is set to be 10:1. The combined signals are amplified by an erbium-doped fiber amplifier (EDFA). A 15 nm bandpass filter is used after the amplification to suppress the ASE noise in the spectral region of the converted signal [13] . The amplified pump and signal are coupled into the SOA-OPC. The wavelength conversion efficiency is polarization-dependent, and therefore, both the pump and input signal polarization must be aligned to the TE axis of the SOA. The converted signal is filtered out by two stages of 3 nm bandwidth filter and amplified by an EDFA. The measured conversion efficiencies are 18.9 dB, 20.5 dB, and 25.3 dB for the wavelength shifts of 5 nm, 10 nm and 20 nm, respectively, for the input power of 13 dBm at 190 mA bias current. The input powers at the position indicated in Fig. 4 are set to be equal. The output signal is detected using a preamplified receiver. In the preamplified receiver, the signal is amplified by an EDFA, filtered with a 3 nm filter, and then detected using a PIN photo detector having the 3 dB bandwidth of 50 GHz. It is used as the OE convertor. The electrical signal is mixed down with the LO, demodulated, and directed to the BER tester. Fig. 5 shows the RF spectra of 60.0 GHz carriers of the input signal [ Fig. 5(a) ], and the output signals [ Fig. 5(b)-(d) ] after propagating over various lengths of around 50 km. These results show the variation of the received RF signal as a function of the fiber length as predicted by (19). The RF power is minimized at km. At this point a complete fading caused by GVD occurs. Fig. 5(e) shows the BER's measured at the output of the first section fiber whose length is . As indicated in Fig. 5(b)-(d) , larger power penalties are observed with smaller received RF powers. When km, synchronization is lost because of the complete fading. Fig. 6 shows the output optical DFB signal spectrum of SOA-OPC when the wavelength shift of 10 nm. The DSB signal at the wavelength of 1540.5 nm is the phase conjugate replica of the DSB signal after ( 50.0 km) propagation in the first section fiber at the wavelength of 1550.5 nm.
B. Dispersion-Induced Fading
C. Cancellation of the Signal Fading by Midway Phase Conjugation
The signal fading is cancelled when the phase conjugated signal propagates in a fiber with the length of which is determined by the (25). Fig. 7 shows the measured GVD versus the wavelength of the nondispersion-shifted fiber. For km at which the complete fading occurs at the wavelength of 1550.5 nm, is calculated to be 51.0 km, 52.5 km, and 55.1 km at the wavelength shifts of 5 nm, 10 nm, and 20 nm shifted from 1550.5 nm, respectively. Fig. 8(a) shows the RF spectrum of 60.0 GHz carriers at the input of the second section fiber, which is phase conjugation of Fig. 5(b) . The complete fading still occurs because of the phase conjugation. Fig. 8(b)-(d) shows the RF spectra of the output signals after propagating over of 51.0 km, 52.5 km, and 55.1 km at the wavelength shifts of 5 nm, 10 nm, and 20 nm, respectively. The RF powers of these signals restore at the almost same level with the input DSB signal as shown in Fig. 5(a) . These results show the complete cancellation of the signal fading successfully occurs by using the midway OPC. Measured BER's are plotted as a function of the received optical power in Fig. 8(e) . Without the SOA-OPC, the BER's deteriorate at km, 52.5 km, 55.1 km. By introducing the midway OPC, by contrast, the BER's are significantly improved at km, 52.5 km, 55.1 km for the various wavelength shifts, respectively. Thus, the fadingfree transmission is confirmed by using the in-line SOA-OPC. The residual power penalties from the back-to-back BER are 2.0 dB, 1.0 dB, and 1.5 dB for the wavelength shifts of 5 nm, 10 nm, and 20 nm, respectively, which are presumably due to the ASE-signal beat noise of EDFAs'. When the wavelength shift is 5 nm, a slight power penalty compared with those of other wavelength shifts is observed. This is because the residual CW pump light which cannot be completely filtered out with the two-stage of 3 nm filters. Fig. 9(a) shows the optical spectrum of DSB signal at . For the input signal, the modulation depth is set so that the power of the sideband is 15 dB below the carrier. Fig. 9(b)-(d) shows the spectra after the propagation of the first section of fiber for the case with the input powers of 5.0 dBm, 10.0 dBm, 15.0 dBm, respectively. In this experiment, the length is set to be 51.0 km where the received RF power restores the input level as shown in Fig. 5(d) . With increasing the input power the modulation depth after the propagation becomes higher. This is because of the modulational instability [10] , that is to say the four-wave mixing in the anomalous dispersion regime along with SPM. The nonlinear lengths , as defined by where is path average power, is calculated to be 306, 96.8, and 30.6 km for the input powers of 5.0, 10.0, 15.0 dBm, respectively. The modulational instability becomes significant when the transmission length becomes comparable to the nonlinear length. Fig. 9(e) shows the BER's measured at the output of the first section fiber. Error floors are observed with larger input powers. The error floor is due to the difference between the LSB and USB phase shifts caused by the modulational instability.
D. Effects of Nonlinearity
The OPC can compensate SPM only if the symmetric power change respect to the OPC position as shown in Fig. 3(a) . However, in a practical OPC system as shown in Fig. 3(b) , the optical power change along the fiber after the OPC is not the reversal of the one before the OPC because of the fiber loss. This results in an imperfect SPM compensation. Fig. 10(a) and (b) , respectively, shows the output spectra with insertion of the midway OPC when the input powers are 10.0 dBm and 15.0 dBm. The wavelength shift is 10 nm. The length is set to be 53.5 km where (25) is satisfied. On the other hand, Fig. 10(c) and (d) respectively show the output spectra without insertion of the midway OPC when the input powers are 10.0 dBm and 15.0 dBm. Because the power of the sideband in Fig. 10(a) and (b) is lower compared with that it is in Fig. 10(c) and (d) , the distortion caused by SPM is partially compensated for by the inserted midway OPC. However, the compensation is imperfect because the power change is asymmetric. The amount of the imperfect compensation becomes larger as the input power increases The measured BER's are plotted as a function of the received optical power in Fig. 10(e) . No error floor is observed when the input power is below 5.0 dBm. When is 10.0 dBm, the power penalty is a 0.7 dB increase compared to when is 5.0 dBm at the BER of . In this case, the nonlinear length is 96.8 km and the transmission lengths and are about half . With increasing the input power, the error floor is clearly observed. A comparison of with the transmission lengths and shows that the OPC must be inserted at the position where the transmission length is less than at least half of the nonlinear length.
IV. CONCLUSION
We have proposed and demonstrated cancellation of the signal fading for a mm-wave on fiber transmission system by using midway OPC. A theoretical investigation has been achieved by analyzing the evolution of the small modulation components of the carrier light by using the linearlized NLS equation. This has predicted that the received RF power fading caused by GVD and SPM can be overcome by the midway OPC. Experimentally, fading-free transmission of 60 GHz subcarrier multiplexed DSB signal at 1550 nm band has been demonstrated by using the SOA-OPC in the midway of 100 km long nondispersion-shifted fiber. The system degradation caused by the asymmetric power change have been also discussed. This method is an attractive technique for the future fiber-wireless systems transmitting mm-wave.
